Dysregulation of the cell cycle is a key indicator of tumors, including lung cancer.
as adenocarcinoma, squamous cell carcinoma and large cell carcinoma. 1 Every year, 1.4 million people die from lung cancer worldwide. 2 It is the leading cause of tumor-induced death in men (28%), and in women, it has surpassed breast cancer as the most common cancer-related death (26%). 3 In recent years, although conventional treatment therapies like surgery, chemotherapy and radiotherapy have made great progress, the overall 5-year survival rate is still only 15%. 4 The emergence of targeted therapy has brought about revolutionary changes in the treatment of lung cancer, and has significantly increased the survival time of patients with EGFR mutations. 5, 6 While the targeted therapy had an initial response that lasted for almost 1 year, later, most patients acquired resistance. The abnormal cell cycle regulation in cancer has been researched extensively. Some cell cycle inhibitors have been used in clinical application and have achieved success in breast cancer 7 and lung cancer. 8 These cell cycle inhibitors almost make the proliferating cancer cells into a senescence state through restraining the cell cycle checkpoint from G1-S phase. 9 The hot cell cycle inhibitors used in clinical experiments are CDK4/6 inhibitors, like palbociclib, abemaciclib and ribociclib in breast cancer. In our previous research, we used PD 0332991, which enhanced the effect of gefitinib and reversed the acquired resistance caused by cell cycle dysregulation. The experimental results had successfully applied in a lung cancer patient with metastasis to the brain related to gefitinib-acquired resistance. 8 A quick, convenient and accurate biomarker of cell cycle dysregulation was lacking to guide the application of cell cycle inhibitors. Therefore, in the present article, we found that the long noncoding RNA HOTAIR may be the ideal marker.
Improvements in high-throughput, sequencing-based gene expression profiling technologies and in the field of bioinformatics have enhanced our knowledge of long noncoding RNA (lncRNA). The research on lncRNA is associated with tumor metastasis, invasion, cell cycle regulation, and native or acquired drug resistance in various cancers. [10] [11] [12] However, there is little research on lncRNA in lung cancer.
The length of lncRNA is more than 200 nucleotides, and it has no protein-coding function. 13 According to the Encyclopedia of DNA Elements (ENCODE) Project Consortium (GENCODE release 23), the human genome contains more than 28 000 sorts of lncRNA, encoded by approximately 16 000 genes. 14 This type of RNA functions in 3 ways to regulate cellular processes. First, lncRNA regulates the intrachromosomal genes (cis or trans) in different chromosomes to influence transcription. 14 Second, lncRNA can interact with proteins, affect the interaction between different proteins, or directly localize in cellular compartments to affect cell proliferation and metastasis. 15 Third, lncRNA can affect mRNA stability, translation and splicing to modulate RNA metabolism and affect the function of mRNA. 16 We focused our research on an lncRNA called HOTAIR (HOX antisense intergenic RNA), discovered by John L. Rinn in 2007. 17 The length of HOTAIR is 2158 nucleotides, and it has only a single strand.
HOTAIR5′ is located in 1-300 nt and HOTAIR3′ is located in 1417-2064 nt. The former bands polycomb-repressive complex 2 (PRC2) to trimethylate H3K27 and silences the homeobox D (HOXD) locus. In recent years, HOTAIR has been found to be associated with tumor metastasis and patient prognosis. In breast cancer, high HOTAIR expression in the breast cancer cell line can promote metastasis and invasion through silencing the HOXD cluster. 11 In ovarian cancer, HOTAIR may be used as a prognostic biomarker of tumorigenesis and an early diagnostic marker. 12 In glioblastoma, the expression of HOTAIR indicates a short anticipated life expectancy for the patient, but it may also be a promising therapeutic target point. 10 Less research has been done on the role of HOTAIR in non-small-cell lung cancer (NSCLC) and no research has indicated it to be a cell cycle dysregulation biomarker. In the present article, we aim to demonstrate that HOTAIR is an ideal indicator of cell cycle dysregulation in NSCLC. We show that HOTAIR and its 2 segments, HOTAIR3′ and HOTAIR5′, promote the cell cycle passing through the restriction point during G1 phase by regulating Rb-E2F pathway and influence NSCLC cell proliferation, migration and invasion through epithelialmesenchymal transition (EMT) and β-catenin pathway in vitro and vivo. Finally, we show that the high expression of HOTAIR is associated with resistance to gefitinib through dysregulated cell cycle.
| MATERIALS AND METHODS

| Drugs and cells
The human NSCLC cell lines 95C, 95D and YTMLC-90, provided by Professor Zhou from Shanghai Pulmonary Hospital, Shanghai, China, were used for experiments. 95C and 95D are human giant-cell lung cancer cell lines with low and high metastatic activity, respectively, from the same patient. YTMLC-90 is a lung squamous cell line.
These cells were cultured in RPMI 1640 medium (Gibco BRL, Grand
Island, NY, USA) supplemented with 10% FBS (Gibco BRL) in a humidified atmosphere of 5% CO 2 at 37°C. We purchased 3-deazaneplanocin A (DZNep) and tranylcypromine (2PCPA) from Selleck Chemicals LLC (Houston, TX, USA).
| Antibodies and western blotting
Anti-E2F1, anti-Cdk4, anti-Cdk6 and anti-cyclin D antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The other antibodies, anti-P-Ser780 of Rb, anti-P-Ser795 of Rb, anti-phos- method. All gene primers were obtained from SBS (Beijing, China).
The primers are listed in Table S1 . All cells used in this experiment transfected with Lenti-NC, Lenti-HOTAIR, Lenti-HOTAIRsi, Lenti-HOTAIR3′ and Lenti-HOTAIR5′ had stable expression status (see Table S2 ).
| Flow cytometry analysis of the cell cycle
To determine the function of HOTAIR, HOTAIRsi, HOTAIR3′ and The data were analyzed using ModFit LT software (Topsham, ME, USA).
| 5-ethynyl-2′-deoxyuridine staining
5-ethynyl-2′-deoxyuridine (EdU) staining detected the S phase of the cell cycle by incorporating the nucleoside analog uridine into newly synthesized DNA strands. A CellLight EdU stain kit was purchased from RiboBio, Guangzhou, China and staining was performed according to the manufacturer's instructions. Briefly, cells were labeled in culture with 50 μmol/L EdU for 2 hours, washed twice using PBS and fixed with 4% paraformaldehyde. After penetration using 0.5% Triton X-100 and washing with PBS, the proliferated cells were treated with Apollo stain to detect EdU incorporation during DNA synthesis. The analysis was performed on fluorescence microscopes using single interference filter sets for red (Apollo), which stained EdU-labeled cells, and blue (Hoechst 33342), which stained all cell nuclei.
| Transwell assay
The invasion and migration of Lenti-NC, Lenti-HOTAIR, LentiHOTAIRsi, Lenti-HOTAIR3′ and Lenti-HOTAIR5′ in NSCLC cells
were assessed using a 24-well Transwell insert; some were coated with Matrigel, and some were not. 
| Chromatin isolation by RNA purification
The chromatin isolation by RNA purification (ChIRP) experiment was performed essentially as per the original protocol described previously. 18 ChIRP probes: ChIRP odd: tttgttccgggaactgccgccttgctccctt gcctgcatttctctgcgtg; ChIRP even: gtccatgggttccgtgtagacgccgccatattttacagtccaaaggaa. The primers of CDK4, cyclin D1, Snail and E-cadherin are listed in Table S1 . 
|
| Enrichment analyses
The enrichment analyses of GO and KEGG pathways for differentially expressed gene (DEG) sets were completed using DAVID web servers and the Cytoscape app. We used the clueGO app to exhibit KEGG pathway analysis.
| Statistical analysis
All data were analyzed using the Statistical Package for the Social 
| RESULTS
| Clinical data analysis showed HOTAIR, HORAIR3′ and HORAIR5′ associated with tumorigenesis and metastasis through the regulation of the cell cycle in lung cancer
Through the analysis of data in the TCGA public database of lung cancer, we found that almost all lung cancer primary tumors had high expression levels of HOTAIR, while in normal lung cancer tissue, expression levels were lower ( Figure 1A ). KEGG pathway enrichment analysis undertaken using DAVID web server 19 indicated that the lncRNA HOTAIR tend to be involved in several signaling pathways (cell cycle, base excision repair, DNA replication, progesterone-mediated oocyte maturation, oocyte meiosis, Fanconi anemia pathway, homologous recombination and p53 signaling pathway). Among these pathways, the cell cycle pathway is the most relevant path ( Figure 1B Figure 1C ). In the 67 patients' lung cancer issues, we used the B2B cell, a normal bronchial epithelial cell, as a control to analyze expression of HOTAIR, HOTAIR3′ and HOTAIR5′ from these samples to find any correlation with the degree of pathological differentiation.
The tumor pathological grade was divided into 5 degrees: high, highmiddle, middle, middle-low and low. Experimental results demonstrated that HOTAIR and its 2 segments, 3′ and 5′, were all negatively correlated with the degree of pathological differentiation. The low-differentiation specimen had high expression of HOTAIR and its 2 segments, while the high-differentiation specimen had the lowest expression level of HOTAIR and its 2 segments; this latter difference was significant when compared with the other 4 degrees ( Figure 1D ).
In the extracted RNA from different lung cancer cell lines, H292, a cell line derived from a lymph node metastasis of a pulmonary mucoepidermoid carcinoma, showed obviously high expression of HOTAIR, HOTAIR3′ and HOTAIR5′ compared with other cell lines ( Figure S1A ). We believe this proves that lncRNA HOTAIR is a marker that indicates the dysregulation of the cell cycle and may be associated with tumor pathological grade and metastasis.
| HOTAIR and its 2 segments promote lung cancer progression through the regulation of cell cycle
In the previous subsection part, HOTAIR and its 2 segments were identified as being associated with lung cancer progression. The TCGA database had also given us a hint that the function of HOTAIR and its 2 segments were correlated with cell cycle. In this subsection we describe We also performed luciferase reporter assays using vectors containing Snail pro-wt, Snail pro-mu, E-cadherin pro-wt or E-cadherin pro-mu. The results showed that overexpression of HOTAIR greatly increased the luciferase activity of snail pro-wt but decreased Ecadherin pro-wt reporter vector. However, when knocked down HOTAIR expression had the opposite effects ( Figure 4B ). To confirm the interaction between HOTAIR and Snail or E-cadherin, we carried out ChIRP chromatin isolation. The results showed that HOTAIR transcript was present in the promoter region of Snail and Ecadherin, but had different effects ( Figure 4B ,C).
| HOTAIR3′ can potently promote non-small-cell lung cancer cell proliferation, migration and invasion compared with HOTAIR5′
The single-stranded lncRNA can be analyzed by dividing it into 2 segments, 3′ and 5′. We aimed to determine exactly which part of lncRNA HOTAIR promotes proliferation, migration and invasion most Rb and E-cadherin ( Figure 7E ). This is in accordance with the results in vitro.
| Clinical analysis of HOTAIR expression in 4 lung cancer patients with epidermal growth factor receptor mutations
We next examined the expression of HOTAIR in tumor tissues of NSCLC patients. As shown in Figure 8A , B, the tumor tissues of NSCLC patients were all in phase IV, had EGFR mutations, and had 38, 39 to address acquired resistance. Blocking one or two pathways could not inhibit the proliferation of tumor cells because the cell signaling pathway is a network structure. The proliferation of one cell must go through cell cycle regulation, so the cell cycle inhibitor may be the promising drug that can be used in the treatment of cancer, 40 and our laboratory had identified it in lung cancer. However, the problem we faced to determine the appropriate time to use cell cycle inhibitors.
| DISCUSSION
In previous research, the increased expression of CCND1 and phosphorylated Rb or decreased expression of p16 was thought to be associated with response to CDK4/6 inhibitors in breast cancer.
However, the clinical trial PALOMA-1 identified that they had no F I G U R E 5 HOTAIR3′ and HOTAIR5′ promotes proliferation, invasion and migration in non-small-cell lung cancer (NSCLC) cell lines. A, EdU assays were performed on NSCLC cells, showing that HOTAIR5′ may promote proliferation more than HOTAIR3′. B, Transwell inserts without Matrigel indicated that HOTAIR3′ promotes NSCLC cell migration more than HOTAIR 5′. C, Transwell with Matrigel coating showed that HOTAIR3′ and HOTAIR5′ could both promote invasion in NSCLC cells. Data are presented as mean ± SD (n = 3 independent experiments); *P < 0.05, **P < 0.01, ***P < 0.001, compared with the control group F I G U R E 7 HOTAIR, HOTAIRsi, HOTAIR3′ and HOTAIR5′ affect tumor growth in the 95C and 95D orthotopic non-small-cell lung cancer (NSCLC) model in vivo. A, The method of orthotopic NSCLC cell model construction. B, Tumor volume of Lenti-NC-, Lenti-HOTAIR-, LentiHOTAIRsi-, Lenti-HOTAIR3′-and Lenti-HOTAIR5′-treated animals at 7, 14 and 21 days after implantation was determined using a bioluminescence imaging system. C, D, The ROI number of different mouse models transfected with 5 Lenti-in 95C and 95D cells; every group had 10 mice. E, Representative images of immunohistochemical staining of Ki-67, Rb, P-Rb (S795), CDK4, CDK6, E-cadherin, N-cadherin and snail/slug in tissue from mice with different kinds of orthotopic tumor association with PD 0332991. 41, 42 While Roger PP's group supposed the phosphorylated CDK4 could potentially predict sensitivity to CDK4/6 blockade, 43 this was not confirmed later in clinical results. 44 Wang et al (2017) examined whether the expression of cyclin D3
and CDK6 is associated with palbociclib or ribociclib treatment through depletion of the antioxidants NADPH and glutathione. 45 Based on the results of experiments demonstrated in this paper, we believe that lncRNA HOTAIR could be a marker of dysregulation of the cell cycle in lung cancer.
In the present paper, we found that lncRNA HOTAIR played a HOTAIR, a noncoding RNA coded by the HOXC gene located between the chromosome 11 and 12 gene cluster, has been well studied. 46 Through previous research, it has been identified as a "bridge" to modify 2 histones. The 5′ domain of HOTAIR binds polycomb-repressive complex 2 (PRC2)(EZH2, SUZ12 and EED), the 3′ domains bind the LSD1/CoREST/REST complex, and the 2 complexes, coupled with histone H3 lysine 27 methylation and lysine 4 demethylation, modify target genes. 47 It has been found to have increased expression in cervical cancer tissue and is associated with lymph node invasion, lymphatic metastasis and advanced pathological stage. In diffuse large B-cell lymphoma, HOTAIR expression is strongly associated with poor prognosis. 48 High expression of HOTAIR is also related to the T phase, pathological grade and lymphatic metastasis in laryngeal squamous cell carcinoma. In breast cancer, high expression of HOTAIR promotes carcinogenesis and cancer progression. 49 We believe that lncRNA HOTAIR5′ domain binds polycomb-repressive complex 2 (PRC2), and the 3′ domains binds the LSD1. The complexes affect the CDK4/6-cyclin D and phosphorylates retinoblastoma (Rb), causing transcription of E2F, then activation of EMT and the β-catenin pathway. The activation of the cell cycle-associated pathway promotes lung cancer cell proliferation, invasion and migration ( Figure 9 ).
In conclusion, we have shown that HOTAIR is an obvious indicator of cell cycle dysregulation and could promote NSCLC cell line proliferation, metastasis and invasion through restraining the cell cycle from G1 to S phase, and then affect EMT and the β-catenin pathway. This leads us to the assumption that lncRNA HOTAIR may be developed for using cell cycle inhibitor to treat lung cancer patients with EGFR-TKI acquired resistance, or directly inhibit HOTAIR as it has been used in glioma research. 10, 50 Although we only found 1 lung cancer patient got EGFR-TKI acquired resistance only 5 months, which tissue had both high expression of HOTAIR, Rb and P-Rb, but it is very meaningful. Although we did not find that knockdown of HOTAIR could decrease tumor volume, I think the reason is that transfection efficiency was not very high due to limitations in the available technology. If the relevant equipment is improved, we may see the result we expected. HOTAIR also could be used in the diagnosis of lung cancer, and, therefore, has exciting potential applications.
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